Background: Patients with a partial dihydropyrimidine dehydrogenase (DPD) deficiency have an increased risk of developing severe 5-fluorouracil-associated toxicity. We developed a rapid and specific method to measure the DPD activity in peripheral blood mononuclear cells using HPLC tandem-mass spectrometry (HPLC-MS/MS). Methods: The activity of DPD was measured with thymine as the substrate, followed by reversed-phase HPLC combined with electrospray ionization MS/MS and detection of the product dihydrothymine with multiple-reaction monitoring. Stable-isotope labeled dihydrothymine was used as the internal standard. Results: Dihydrothymine was measured within an analytical run of 10 min, with a lower limit of quantification of 54 g/L (0.4 mol/L). The intraassay and interassay variations of the DPD activity assay were both <7%. A linear correlation (R 2 ‫؍‬ 0.980; P <0.001) was observed between the HPLC-MS/MS data and those obtained with a reference method using radiolabeled thymine. There were no systematic differences between the 2 methods, and both methods yielded similar results.
Conclusion:
The analysis of the DPD activity with HPLC-MS/MS is rapid, accurate, and sufficiently sensitive to be used as a screening method for patients with a DPD deficiency.
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5-Fluorouracil (5FU) and the oral prodrug capecitabine (Xeloda ® ) are 2 of the most frequently prescribed chemotherapeutic drugs for the treatment of patients with cancers of the gastrointestinal tract, breast, and head and neck. To exert its cytotoxicity, 5FU must first be metabolized to the nucleotide level. Although the cytotoxic effects of 5FU are probably directly mediated via the anabolic pathways, the catabolic route plays an important role because Ͼ80% of the administered 5FU is catabolized by dihydropyrimidine dehydrogenase (DPD). There is overwhelming evidence that patients with a deficiency of DPD are at risk of developing severe, and sometimes lethal, toxicity after the administration of 5FU (1) (2) (3) . The importance of a DPD deficiency in the etiology of unexpected severe 5FU toxicity has been demonstrated by the fact that in 39%-61% of the cases, decreased DPD activity was detected in peripheral blood mononuclear cells (PBMC) (1) (2) (3) . This phenomenon, that a DPD deficiency is the major determinant of severe 5FU-associated toxicity, offers a unique possibility for prescreening. There are currently a number of procedures to test for the presence of a DPD deficiency, including the assessment of the DPD activity in PBMC (4 -7 ). The most sensitive assays are those in which radiolabeled thymine or 5FU is used (5-7 ) . However, the use of radiolabeled substrates has hampered the implementation of these assays in clinical laboratories. HPLC-tandem mass spectrometry (HPLC-MS/MS) is becoming more commonly used in laboratories performing routine screening. Therefore, we have developed a rapid and accurate DPD assay that uses nonradiolabeled thymine followed by quantification of dihydrothymine (DHT) with HPLC-MS/MS (see Fig. 1 in the Data Supplement that accompanies the online version of this technical brief at http://www.clinchem.org/ content/vol53/issue3).
PBMC were isolated via density centrifugation of EDTA blood as previously described (7 ) . The protein concentration in the sample was determined with a copper-reduction method using bicinchoninic acid, essentially as described by Smith et al. (8 ) . The final protein concentration in the assay was between 0.2 and 1 g/L (7 ). The activity of DPD was determined in a reaction mixture containing an aliquot of cell sample (20 -100 g), 35 mmol/L potassium phosphate (pH 7.4), 2.5 mmol/L MgCl 2 , 1 mmol/L dithiothreitol, 250 mol/L NADPH, and 25 mol/L thymine in a total volume of 100 L. The reaction solution and the sample were equilibrated separately at 37°C in a stirring water bath for 2 min, and the reaction was started by addition of the sample. After an appropriate time of incubation (1 h) the reaction catalyzed by DPD was terminated by adding 25 L of 100 mL/L perchloric acid to the reaction mixture, followed by 10 L of the internal standard (IS). The IS was prepared in water containing 250 mol/L 5,6,6-2 H 3 -Me 2 H 3 -DHT. The reaction mixture was centrifuged in a microcentrifuge (11 000g for 5 min) to remove the protein, and the supernatant was saved for further analysis by HPLC-MS/MS. Samples (50 L) were introduced into the mass spectrometer via reversed-phase HPLC. Ion suppression at the retention time of the analyte and IS was Ͻ10%, and corrected for by use of a labeled IS. DHT was separated, at ambient temperature, on a Phenomenex Aqua analytical column (250 ϫ 4.6 mm, 5-m particle size), protected by a guard column (Phenomenex SecurityGuard C 18 ODS; 4 ϫ 3.0 mm). Solvent A consisted of 50 mmol/L acetic acid, adjusted to pH 4.0 with 25% ammonia, and solvent B consisted of 100% methanol. Elution was performed at a flow rate of 1 mL/min with a linear gradient of 0 -5 min, 75% solvent A to 50% solvent A; 5-5.1 min, 50% solvent A to 75% solvent A, and equilibration with 75% solvent A from 5.1 to 10 min. A splitter between the HPLC column and the mass spectrometer was used to introduce the eluent into the mass spectrometer at a flow rate of 50 L/min. The eluent from 2.5 to 6 min was introduced into the mass spectrometer with an electronically operated valve. A TSQ Quantum AM tandem mass spectrometer (ThermoFinnigan) was used in the positive electrospray ionization mode. We used nitrogen as the sheath gas, the collision gas was argon, the cell pressure 0.13 Pa, capillary temperature was 350°C, and the spray voltage was maintained at 4.0 kV. Multiple-reaction monitoring was used to detect DHT and 2 H 6 -DHT, using the specific m/z transitions of 129369 and 135374, respectively (9 ) (see Fig. 2 in the online Data Supplement). The collision energy for both compounds was optimized at 18 eV. The calibration curve of DHT standards prepared in water was linear from 0.42 mol/L up to 100 mol/L (R 2 ϭ 0.998). The concentration of DHT in each unknown sample was calculated by comparing the DHT/IS area ratio for the sample to the DHT/IS area ratio for a single 25 mol/L calibrator.
The DPD assay was observed to be linear, with reaction times up to 3 h and protein concentrations between 0.1 and 1 g/L (see Fig. 3 in the online Data Supplement). The HPLC-MS/MS chromatogram of a reaction mixture showed the identification of DHT and the IS 2 H 6 -DHT (see Fig. 4 in the online Data Supplement). The retention time of DHT and 2 H 6 -DHT was 4.3 min, and the concentration of DHT (3.1 mol/L) produced by DPD from PBMC, corresponding with a specific activity of 3.1 nmol/ mg/h, was readily detectable.
The intraassay and interassay variations of the analysis of DHT, added to a reaction mixture at low, normal, and high concentrations, ranged from 1.0% to 3.2% and from 1.7% to 4.7%, respectively (Table 1 ). In addition, an excellent apparent recovery was observed for the detection of DHT (Table 1) . Furthermore, the intraassay and interassay variations of the entire procedure for measuring DPD activity by HPLC-MS/MS, including the analysis of the protein concentrations, were Ͻ7%. Thus, the precision and apparent recovery of the HPLC-MS/MS procedure were comparable to those observed for assays using radiolabeled substrates or nonradiolabeled 5FU (4 -7 ). The detection limit for 5,6-DHT in the HPLC-MS/MS system, defined as a signal-to-noise ratio of 3, was 0.6 ng (5 pmol). The detection limit for 5,6-DHT in a sample, defined as a signal-to-noise ratio of 3, was 16 g/L (0.13 mol/L), which corresponds to a DPD activity of ϳ0.13 nmol/mg/h. The limit of quantification (LOQ) for 5,6-DHT in a sample, defined as a signal-to-noise ratio of 10, was 54 g/L (0.42 mol/L), which corresponds to a DPD activity of ϳ0.42 nmol/mg/h.
The DPD activity values [mean (SD)] in controls and individuals heterozygous for a mutation in the DPD gene (DPYD; dihydropyrimidine dehydrogenase) were 9.9 (2.8) nmol/mg/h and 4.8 (1.7) nmol/mg/h, respectively (10 ) . To date, various threshold limits have been proposed for DPD activity to identify patients with a risk of developing severe 5FU-associated toxicity (1, 2 ) . The most stringent threshold for DPD activity of patients at risk is the lower limit of the 95% distribution range of the DPD activity in the normal population, i.e., a DPD activity Ͻ4.4 nmol/ mg/h. Thus, the lower LOQ of 0.42 nmol/mg/h for our HPLC-MS/MS procedure is sufficiently sensitive to identify patients at risk. HPLC-MS/MS, with its high specificity obtained by using selective precursor-ion3fragment-ion transitions, also enables the use of stable-isotope labeled ISs, allowing optimal compensation for losses during sample preparation and intensity fluctuations resulting from matrix effects. As a result, the HPLC-MS/MS based assay allows for a short run time and high precision and accuracy. The analysis time of the HPLC-MS/MS assay is considerably shorter than that of HPLC-ultraviolet procedures and those using radiolabeled substrates (4, 6, 7 ) . In addition, the detection limit of the HPLC-MS/MS assay is 5 times lower than that of the reversed-phase HPLC-ultraviolet procedure, in which the product 5-fluorodihydrouracil is detected at 205 nm (4 ). Nevertheless, because of the superior sensitivity of radiochemical assays, the presence of a complete DPD deficiency can be established only with the DPD assays that use radiolabeled substrates (5-7 ) .
We used the HPLC-MS/MS procedure and a radiolabeled thymine reference method to measure DPD activity in PBMC. For this purpose, blood samples were obtained from 28 cancer patients suffering from severe 5FU-associated toxicity and 1 pediatric patient with a verified mutation in DPYD. In the radiochemical assay, the activity of DPD was determined in a reaction mixture containing 35 mmol/L potassium phosphate (pH 7.4), 2.5 mmol/L MgCl 2 , 1 mmol/L dithiothreitol, 250 mol/L NADPH, and 25 mol/L [ 14 C]thymine (7 ) . Separation of radiolabeled thymine from radiolabeled DHT was performed isocratically [50 mmol/L NaH 2 PO 4 (pH 4.5) and 75 mL/L methanol] at a flow rate of 1 mL/min by HPLC on a reversed-phase column (Phenomenex Aqua 125A C18; 250 ϫ 4.6 mm, 5-m particle size) and a guard column (Phenomenex Security Guard C 18 ODS; 4 ϫ 3.0 mm inner diameter) with online detection of the radioactivity. A linear correlation (R 2 ϭ 0.98, P Ͻ0.001) existed between the HPLC-MS/MS data and those obtained with the reference radiochemical assay (Fig. 1A) . The paired t-test showed no significant differences between the 2 analytical methods (P ϭ 0.97). Furthermore, the BlandAltman plot showed that no systematic differences existed between the 2 methods and that both methods yielded comparable results (Fig. 1B) . Thus, determination of DPD activity using HPLC-MS/MS is a fast, accurate, and sufficiently sensitive method that can be used as a screening procedure to identify patients with a DPD deficiency before the start of treatment with fluoropyrimidines.
